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Abstract. This article discusses the application of a mathematical model of heat transfer during 
welding to create an algorithm for choosing the welding mode parameters during programming 
of automatic welding systems. The results of the industrial implementation of a robotic 
welding system equipped with a developed algorithm for choosing a welding mode are 
presented. 
1. Introduction 
For now, due to its versatility and technological effectiveness, one of the most common welding 
methods is arc welding with a consumable electrode in shielding gases. However, despite the 
widespread use of this welding method, there is a problem of ensuring the constancy of the geometric 
dimensions of the weld and the mechanical properties of the joint along its entire length. The most 
unfavorable in terms of the appearance of defects are the initial and end parts of the weld, where 
according to production data up to 70% of defects appear. In these areas, the effects of the non-steady 
transfer of electrode metal (at the beginning of the weld) and the heat distribution at the end of the 
joint reveal themselves the most. It is known that during welding, when the heating source approaches 
the edge of the workpiece, the heat flow coming from the heating source is reflected from it, 
additionally heating the end part of the weld [1-3]. 
Due to the necessity to ensure the solution for the task with high accuracy in the zunes of high 
temperatures and large temperature gradients near the weld pool, as well as the need to take into 
account the change in the thermophysical properties of the metal due to the temperature, the optimal 
numerical solution method, namely, the finite difference method. [4, 5] 
The developed numerical model of heat distribution processes during welding with a consumable 
electrode in shielding gases takes into account the influence of temperature field distortion at the end 
of the joint due to heat reflection from the edge. As a target function, the temperature deviation at the 
boundary of the weld pool from the melting temperature was chosen, which thereby sets the condition: 
the constancy of the geometric parameters of the weld along its entire length. A similar approach was 
used to solve the optimization problem during welding of pipes of small diameters [6, 7]. 
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Based on the developed mathematical model of heat transfer, a program for calculating the 
temperature during single-arc welding by the finite difference method based on the heat balance 
equations has been created. 
Conducted computational experiment made it possible to obtain regression equations describing the 
length of the edge influence zone, accompanied by overheating of the metal, and the change in weld 
width during single-arc welding, depending on the thickness of the material being welded and the heat 
input [8].  
These equations can be applied when programming the automatic welding mode. 
2. Application of the developed algorithm in modern production  
The developed algorithm for choosing the welding mode was used in the development and 
implementation of the technology of robotic welding of the exhaust manifold with catalytic converter. 
The workpiece is a stamped-welded structure of complex geometric shape made of 08Kh17T steel 
(analogy X3CrTi17 - DIN, Germany) according to GOST 5632-2014. It is used in the exhaust system 
of Lada cars for their cleaning from particles of heavy metals and other harmful substances.   
The most safety critical parts in this workpiece are circular seams (Figure 1), connecting the 
nozzles to the catalytic converter housing. These welds should be pressure tight and have high 
mechanical properties to withstand the pressure of gases heated to high temperatures.  
 
Figure 1. Circular seams of the nozzles with catalytic converter housing. 
Welding technology should provide seams with the parameters shown in Figure 2.  
 
Figure 2. Weld parameters for nozzles and housing. 
The main objective in introducing a new welding technology was to increase productivity, reduce 
the reject rate during welding by ensuring uniform distribution of heat along the entire length of the 
joint, including its beginning (ending) part.  Factors affecting the distribution of heat along the length 
of the welded joint include the following:  
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- the wall thickness of the welded nozzles and the housing were 1.2 mm and 1.5 mm, respectively - 
this amplified effect of additional heating of the final part of the joint with heat from the beginning 
part of the seam; 
- the presence of uneven gaps between the nozzle and the housing leads to an uneven distribution 
of heat and poor-quality formation of the seam. π 
A distinctive feature of this task was that the design features of the workpiece (the receiving nozzle 
was made of two stamped halves) did not allow the entire seam to be made in one installation position, 
therefore, the circular seam was welded in two stages. Initially, the first half of the joint was welded, 
then the product was turned over 180 degrees and the second half of the joint was welded (Figure 3). 
 
Figure 3. Schematic of the joint welding. 
The basis for the development of welding technology was taken from the study [3]. Namely, when 
searching for a selection algorithm, it was assumed that the width of the seam along its entire length 
should remain constant - given value. In this regard, the condition was accepted that at a distance A = 
e / 2, where e is the weld width, the difference in the heating temperature and the melting temperature 
of the metal being welded (Te / 2 = Tmelt) should tend to a minimum, i.e., the difference between the 
calculated and accepted the melting temperature should not exceed the value of the calculation error.  
After entering the data, the boundary position of the beginning of the influence of the reflected heat 
flow on the width of the seam is determined: 
 
(1) 
At the next step, a cyclic comparison of the actual seam width in each interval with a normalized 
value is performed: 
 
(2) 














At the end of the execution of the calculation cycles, an array of coordinate values and the 
corresponding arc powers Ω={xi; Qmod i}, on the basis of which the function of current and voltage 
control is formed: 
,      
given that  
 
(4) 
The obtained data array is transferred to the actuator, where a welding program is formed with the 
control system based on the function parameter selection function, in which the calculated values of I 
and U correspond to each x coordinate. The sequence of steps for the algorithm is shown in Figure 4. 
 
 
Figure 4. The sequence of steps for the algorithm of choosing th weld mode parameter 
According to the developed model, the function of changing the process parameters (linear energy) 
was determined in accordance with the target function to ensure the specified weld dimensions 
(Figures 5-6).  
 
  
                                       a)                                                               b) 
Figure 5. The distribution of the energy parameters of the arc along the length for the first half of 
the seam: a) linear energy; b) welding current (L - total weld length) 
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                                 a)                                                                 b) 
Figure 6. Distribution of energy parameters of the arc along the seam length for the second half of 
the seam: a) linear energy, b) welding current (L - total length of the seam, A, B - overlap of the seam) 
 
From Figures 5-6 it follows that with the established distribution of the linear energy of the process 
along the length of the joint, the width of the seam should be constant. In return, if you do not apply 
the control of linear energy, but leave it constant, then the temperature at the beginning of the seam 
will be slightly lower, and in the end, higher than the melting temperature. We can conclude that at the 
beginning of the joint, the seam will be narrower (insufficient penetration or irregular shape of the 
seam is possible), and at the end it will be much wider, and with small thicknesses of the workpiece, 
an increase in temperature can lead to burning or also unsatisfactory formation. 
The application of the function of changing the parameters of the welding process made it possible 
to ensure uniformity of the specified dimensions of the welds along its entire length (Figure 7). 
 
 
Figure 7. Examples of welds of finished workpieces produced using the developed algorithm. 
The introduction of this robotic welding system, equipped with an algorithm for choosing the 
welding mode, allowed to reduce the number of defects in the manufacture of workpieces from  20 to 
3 % and increase welding productivity by 1.5 times, which is confirmed by the acceptance protocol. 
3. Conclusions 
1. Based on the simulation results, an algorithm for choosing the welding mode was developed and the 
areas of its effective application for low alloy steels with a thickness of welded parts from 2 to 14 mm 
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were determined. Application of the algorithm made it possible to ensure the stability of the geometric 
dimensions of the weld along the entire length of the welded joint and to improve its quality. 
2. Industrial implementation of the developed algorithm in welding robotic systems allowed to 
reduce the proportion of defective goods during single-arc welding up to 3 %, increase productivity by 
50 %. 
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